Our Galaxy is thought to have an active evolutionary history, dominated over the past ten billion years or so by star formation, the accretion of cold gas and, in particular, the merging of clumps of baryonic and dark matter 1,2 . The stellar halo-the faint, roughly spherical component of the Galaxy-reveals rich 'fossil' evidence of these interactions, in the form of stellar streams, substructures and chemically distinct stellar components 3-5 . The effects of interactions with dwarf galaxies on the content and morphology of the Galactic disk are still being explored. Recent studies have identified kinematically distinct stellar substructures and moving groups of stars in our Galaxy, which may have extragalactic origins 6,7 . There is also mounting evidence that stellar overdensities (regions with greater-than-average stellar density) at the interface between the outer disk and the halo could have been caused by the interaction of a dwarf galaxy with the disk 8-10 . Here we report a spectroscopic analysis of 14 stars from two stellar overdensities, each lying about five kiloparsecs above or below the Galactic plane-locations suggestive of an association with the stellar halo. We find that the chemical compositions of these two groups of stars are almost identical, both within and between these overdensities, and closely match the abundance patterns of stars in the Galactic disk. We conclude that these stars came from the disk, and that the overdensities that they are part of were created by tidal interactions of the disk with passing or merging dwarf galaxies 11,12 . We present the spectroscopic analysis of 14 stars from two diffuse structures in the Milky Way halo, separated vertically by more than 10 kpc: the Triangulum-Andromeda (TriAnd) and A13 over densities [13][14][15][16][17] . TriAnd and A13 are located towards the Galactic anti-centre (the point, from the perspective of an observer on Earth, that is in the opposite direction to the Galactic centre), at Galactic latitudes (b) between −35° and −15°, and between +25° and +40°, respectively. The age of stars in TriAnd is estimated from the colourmagnitude diagram to be 6-10 gigayears (Gyr) 15 . Studies of the motions of stars in these two structures revealed that they are kinematically associated 17 and could be related to the Monoceros Ring-a ring-like stellar structure that twists around the Galaxy. However, the nature of the TriAnd and A13 structures remains hotly contested, with formation scenarios ranging from a disrupted dwarf galaxy to having their origin in the Galactic disk 18 . We obtained high-resolution spectra of 14 stars using the Keck telescope and the Very Large Telescope (VLT; Extended Data Table 1 ). The
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stars are confirmed members of the A13 and TriAnd overdensities on the basis of their radial velocities, proper motions and photometry. We determined fundamental atmospheric parameters of the stars, as well as chemical abundances for oxygen, sodium, magnesium, titanium, iron, barium and europium, by combining analysis of their colours with standard spectroscopic methods (Methods). We derived stellar distances from 2MASS photometry and spectroscopic gravities, which place the TriAnd stars at a Galactocentric distance of r GC = 18 ± 2 kpc (where 2 kpc is roughly one standard deviation, 1σ), about 5 kpc below the Galactic disk plane, and A13 stars at r GC = 16 ± 1 kpc, some 4 kpc above the plane (Fig. 1) . The typical distance uncertainties are about 1-2 kpc (Extended Data Table 2 ). From the same spectra, we determine σ los , the line-of-sight velocity dispersion of the sample of stars (see Methods), to be 27 km s −1 , markedly lower than that of the halo stars 12, 19 , which have σ los values of about 100 km s , consistent with the circular velocity in the outer disk.
Our analysis shows that the abundance distribution in A13 and TriAnd is extremely compact, and that the spread is consistent with observational errors, which are about 0.15 dex. Table 3) , where the spread is given by the sample standard deviation. We compare these abundance ratios with literature measurements of stars from the Galactic disk and halo, dwarf spheroidal galaxies and globular clusters, finding that our measurements are consistent with abundances in the 'thin' disk-the younger component of the Milky Way-but are inconsistent with all other stellar populations ( Fig. 2 and Extended Data Fig. 1 ). All but one stars from the two overdensities lie directly on the metal-poor end of the thin-disk track, which represents stars in the outer disk of the Galaxy and with Cepheids 23,24 at comparable Galactocentric distances, in the r GC range 10-20 kpc.
The similarity of abundances suggests that the TriAnd and A13 stars have a common origin. However, having their origin in a star cluster is very unlikely, as stellar clusters are compact in physical space, in sharp contrast to the overdensity stars. A tidal disruption of a globular cluster, as occurred for example with the Palomar 5 cluster 25 , can cause individual stars to be strewn over large distances in one direction on the sky. However, unlike the overdensities, the tidal tails of Palomar 5 are thin in the directions transverse to the resulting stellar stream. Also, the A13 and TriAnd stars do not exhibit the anti-correlation between sodium and oxygen abundances that is found in almost all globular clusters in the Milky Way 26 . On the other hand, dwarf spheroidal galaxies-which can extend over several kiloparsecs, and can be disrupted to extend over tens of kiloparsecs-show a much larger scatter in abundance space ( Fig. 2 and Extended Data Fig. 1 ), which is thought to be due to multiple generations of star formation 27 . Also, in contrast to the stars in the overdensities, dwarf spheroidal galaxies are known to extend to very low, typically sub-solar, [O/Fe], [Mg/Fe] and [Na/Fe] ratios at [Fe/H] ratios of about −0.5 dex. Fornax, the dwarf galaxy that is closest to TriAnd in metallicity, has an [Na/Fe] ratio of about −0.6 dex, which is almost one order of magnitude lower than the relative sodium abundance of the A13 overdensity stars. On the other hand, the relative barium abundance of the Fornax stars is a factor of ten higher than that of the A13 and TriAnd stars.
The premise that the origin of the A13 and TriAnd stars is in the Milky Way disk is strongly supported by the stellar chemical abundances and motions. The key challenge to this hypothesis is that the stars are located very far away from the disk plane and at large Galactocentric distances of more than 15 kpc. A plausible scenario that may explain our observations is related to a merger of a dwarf galaxy with the Milky Way disk. Simulations show that such mergers can trigger vertical oscillations and flaring in the pre-existing disk, which naturally explain the existence of stellar overdensities above and below the Galactic midplane 9, 28 . To test Letter reSeArCH this scenario, we compared the spatial locations of the TriAnd and A13 stars with the predictions of an N-body model, which follows the interaction of the Sagittarius dwarf spheroidal galaxy with an initially stable Galactic disk 29 (Fig. 3 ). In this model, the initial dark-halo mass for the Sagittarius progenitor was about 10 11 M  (where M  is the mass of the Sun), which, after 5.57 Gyr of evolution, was stripped down to a bound mass of 3 × 10 9 M  . Initially, the disk in the region of A13 and TriAnd, corresponding to heliocentric distances of 8-22 kpc, was confined between the latitudes of −5° and +5°. However, during its interaction with the Milky Way, Sagittarius was able to excite the outer disk outwards as far as −30° to +30°, kicking material well above the midplane out into the regions of our TriAnd and A13 stars. Therefore, the results of these simulations-which also suggest appropriate timescales for the interaction of the Sagittarius dwarf spheroidal galaxy with the Milky Way, varying from 5 Gyr to 9 Gyr-support our interpretation that these stars may have originated from the disk.
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MethODs
We acquired high-resolution spectra of 14 red giant branch (RGB) stars in the TriAnd and A13 overdensities 15, 17 . The stars are confirmed members of these overdensities on the basis of their photometry, radial velocities and proper motions. We chose the brightest members of both groups in order to achieve the highest possible signal-to-noise ratios within the time available to us at the Keck Observatory. Metallicity was not a selection criterion. The photometric properties of the observed stars are given in Extended Data Table 1. All observed stars are cool red giants on the upper part of the RGB, and their spectra are generally complex and display strong absorption features caused by molecules, circumstellar shells, and mass loss.
Thirteen stars were observed with the HIRES-R spectrograph at the Keck-1 telescope 30 using a spectral resolution of 36,000; one star, TriAnd0_1, was observed using the UVES spectrograph (spectral resolution 47,000) at the VLT. The Keck spectra were taken on the night of 22 October 2016 with typical exposure times of 20-30 min through thin cirrus clouds. The UVES spectrum was taken on the night of 4 September 04, 2016 with a one-hour exposure. All Keck spectra cover the full optical region, from 4,800 Å to 8,770 Å, and the UVES spectrum covers the range from 4,800 Å to 6,800 Å. The signal-to-noise ratio of the HIRES spectra exceeds 200 per spectral resolution element near 5,200 Å at the centre of the echelle order. For the UVES spectrum, the average signal-to-noise ratio at the order centre near 5,500 Å is 50, and it increases to 85 at 6,700 Å. We used the MAKEE pipeline, designed by T. Barlow, to reduce HIRES spectra following standard procedures (bias subtraction, flat fielding, sky subtraction, order extraction and wavelength calibration); we used the ESO Reflex 31 pipeline to reduce the UVES spectrum. Detailed spectrum synthesis is essential for determining accurate chemical abundances. We used the MARCS 32 stellar model atmosphere grid, because it densely covers the parameter space of the stars that we are interested in. Moreover, it accounts for the necessary molecular opacities, such as MgH 33 , that plague the spectra of cool RGB stars. The MARCS models are spherically symmetric for low-gravity giants and line blanketing is treated using the opacity sampling method. The models account for the radiation pressure on molecules, although this does not affect stars in the temperature range and evolutionary stage of our sample.
We determined stellar atmospheric parameters using several techniques. We attempted to follow our own standard procedure 34 to derive the atmospheric parameters as closely as possible for the program RGB stars. For cool red giants, spectroscopic estimates based on the excitation-ionization equilibrium of iron provide a reliable indication of the gravity and metallicity. We used the infrared flux method 35, 36 to determine effective temperatures (T eff ). Optical and infrared magnitudes were taken from APASS and 2MASS photometry and corrected for interstellar reddening 37 . We determined surface gravities, metallicities and microturbulent velocities by means of the excitation and ionization balance of the Fe i and Fe ii lines. Non-local thermodynamic equilibrium (NLTE) corrections for those stars with surface gravities (log(g)) of about 1 dex and metallicities ([Fe/H]) above −1 dex are very small 38 , and barely affect the estimates. The derived stellar para meters and their uncertainties are reported in Extended Data Table 2 . We derived uncertainties in T eff using the standard approach 36 . Uncertainties in log(g) and [Fe/H] are 0.15 dex and 0.1 dex, respectively. They represent the total uncertainty of the method, including the systematic and random error components 34 . We computed abundances for the chemical elements O, Na, Mg, Ti, Fe, Ba and Eu, using the least-blended spectral lines that were detected in the observed spectra. Line fitting was done using spectral synthesis with the SME code 39 . For Mg we used two diagnostic lines, at 5,528 Å and 5,711 Å, adopting experimental data for atomic transitions 40 . For Mg, the mean NLTE abundance corrections are −0.10 dex for the 5,711 Å line and 0.02 dex for the 5,528 Å line 40 . The Fe line list contains 123 lines of Fe i and Fe ii (ref. 41) . Oxygen abundance was derived using the two forbidden [O i] lines at 6,300 Å and 6,363 Å, with oscillator strengths log(gf) = −9.717 dex and −10.185 dex 42 , respectively. In the UVES spectrum, the 6,300 Å line is contaminated by telluric absorption lines, so the spectrum is first corrected using the ESO Molecfit package 43 . The combined effects of the departures from the assumptions of one-dimensional hydrostatic equilibrium and local thermodynamic equilibrium (LTE) are negligible for the forbidden oxygen lines in our regime of stellar parameter space 44 . Na abundances are measured using the features at 5,682 Å and 5,688 Å (for six stars), or 6,154 Å and 6,160 Å (seven stars). This is because slightly different settings are used for different Keck observations, and for a given setting one of the Na i doublets falls in the gap between spectral orders. However, all four Na i features are available in the UVES spectrum of TriAnd0_1, and they give consistent abundances. We also used the 6,154 Å and 6,160 Å features to estimate the Na abundance in the Fornax dwarf spheroidal galaxy 45 . The spectrum for one of the Keck targets is shown in Extended Data Fig. 2 , with prominent lines in the region around the 6,154 Å Na i line labelled. The NLTE corrections for Na i lines are about −0.12 dex for the 6,154 Å and 6,160 Å lines, and around −0.14 dex for the 5,682 Å and 5,688 Å lines 46 . For Ti, we used 23 lines, including 18 lines of Ti i and five lines of Ti ii, which are the least blended by molecular transitions (particularly the molecular transition of MgH, which is a major contaminating species at wavelengths below 6,000 Å). We use LTE Ti abundances, because the NLTE Ti model does not give consistent solutions with one-dimensional hydrostatic models 47 . We determined Ba abundances using the Ba ii lines at 5,853 Å, 6,141 Å and 6,496 Å and applying NLTE corrections 48 , which are in the range −0.03 dex to −0.05 dex. We also took into account isotopic shifts and hyperfine splitting [49] [50] [51] . The only Eu ii line that can be measured in the spectra is the feature at 6,645 Å, which is affected by isotopic and hyperfine splitting. The main isotopes are 151 Eu and 153 Eu, with solar abundances of 47.8% and 52.2%, respectively. The isotopic shifts and the hyperfine-splitting magnetic dipole and electric quadrupole constants are taken from experimental studies 52, 53 . Average solar-scaled abundance ratios are given in Extended Data Table 3 .
We made every effort to check the accuracy of each abundance measurement; we examined all spectral fits by eye. To estimate the uncertainties in the chemical abundances, we followed our standard procedure 40 . The typical measurement error is about 0.15 dex. Individual abundance errors are given in Extended Data Table 3 . If the atomic lines of interest were contaminated by blends, we deemed the measurements unreliable and no abundance is listed. Furthermore, we determined solar abundances using the same line list as for our identified stars; our derived NLTE solar abundances are in very good agreement with reference estimates 54 . Our stellar abundances are taken relative to our solar abundances.
We estimated the distances to the TriAnd and A13 stars by the Bayesian method 55 , using the 2MASS colours and spectroscopic stellar parameters (Fig. 1) . The distances are the medians of the posterior probability distribution (PDF) functions, and uncertainties are estimated from the full PDF to a confidence level of 1 s.d. These new distances are about 30% shorter than those determined by our group previously 15, 17 , because that work used an approximate linear relationship between the absolute magnitude and colour of a star, including a parameterized metallicity term. The new distances are not crucial for the present work, because they apply to all stars in the overdensities and do not affect the stellar membership classification. Figure 1 also shows the average disk scale height profile for the low-α stellar population 56 . We derived the line-of-sight velocity dispersion from the measured radial velocities (Extended Data Table 2), after correcting them for the Galactic standard of rest 57 and for the average motion of stars in the azimuthal direction (Extended Data Fig. 3 ). The raw data represent the measured radial velocities, from which we first subtract the line-of-sight motion to the Sun-that is, we show the estimated line-of-sight (los) velocity in the Galactic standard of rest (GSR),
S un , where V Sun is the velocity of the Sun in the Galactic standard of rest 57 , r is the position vector of the star, and r Sun is the position vector of the Sun. In a second step, we correct for the projected rotation component of the stellar population: we define
Sun , where V rot is an estimate for the average motion in the azimuthal direction.
We compare the abundances in Fig. 2 and in Extended Data Fig. 1 ratios for red giants of sub-solar metallicity. For the dwarf stars, which constitute the comparison sample for the Milky Way disk, the [Ba/Fe] NLTE corrections are negligible, within −0.02 dex. The typical NLTE corrections for the Mg i lines in the spectra for dwarf spheroidal galaxies are about 0.15 dex, and for RGB stars are of the order of −0.10 dex (for the 5,711 Å line) or close to zero (for the 5,528 Å line). Therefore, our conclusions would not be affected by the fact that some abundances were derived using LTE. Data availability. All data relevant to the manuscript are available from the authors. The N-body simulation data shown in Fig. 3 are available on request. The data shown in Fig. 1 Letter reSeArCH extended Data table 2 | radial velocities, stellar parameters and distances of the observed stars
